Artificial peroxidases have attracted considerable interest due to their significant advantages over their natural counterparts. Chitosan-gold nanoparticles (AuNPs) were discovered to function like a peroxidase in this study. The catalytic activity of AuNPs was illustrated by catalyzing the oxidation reaction of 3,3 0 ,5,5 0 -tetramethylbenzidine (TMB) accompanied with a color change. The optimal catalytic activity was obtained at 50 C and pH ¼ 4.2. Interestingly, the peroxidase-like activity of AuNPs is higher than that of horseradish peroxidase and effective during a broad temperature range between 10-90 C. The color change is dependent on the concentration of hydrogen peroxide, thus the determination of hydrogen peroxide was demonstrated with a limit of detection (LOD) of 0.6 mM. Furthermore, using peroxidaselike properties of the AuNPs, in combination with the highly specific reaction of glucose oxidase, selective detection of glucose was conducted with an LOD of 3 mM. In addition, the method was applied to detect glucose in 60% serum with an LOD of 12 mM. In conclusion, considering the high peroxidaselike activity, good cytocompatibility and ease of preparation, chitosan-AuNPs would have a wide range of potential applications in biocatalysis and bioassays.
Introduction
Recently, some inorganic nanoparticles have been discovered to show peroxidase-like activity, starting with the rst report of Fe 3 O 4 magnetic nanoparticles.
1 These articial enzymes have been extensively studied because of their advantages over naturally protein-based enzymes. Compared to the easy denaturation, high-cost and time-consuming preparation of natural enzymes, articial nanomaterials could offer distinct advantages. [2] [3] [4] Furthermore, the dual properties of enzyme and inorganic nano-material endow this kind of nanoparticles amazing characteristics. For instance, magnetic nanoparticles were found to possess intrinsic enzyme mimetic activity and a novel immunoassay was developed based on this nding. 5 BSAstabilized Au nanoclusters not only possess peroxidase-like activity, but also exhibit strong uorescence emission. Based on these properties, a dual uorometric and colorimetric sensor for dopamine in human serum sample and cells was constructed. 6 Among known nanoparticles, Au nanoparticles are of particular interest and have been extensively exploited in sensing of metal ions, dopamine, small molecules and glucose. Until now, bare AuNPs, 7 cysteamine-AuNPs, 8 BSA-Au nanoclusters 9 and gold nanocomposite, including Au@Pt, graphene/Au, 12 Au@Ag, [13] [14] [15] Cu@Au, 16 Au@carbon dots 17 have been found possessing intrinsic peroxidase-like activity. However, it remains a great challenge to synthesize peroxidase-like AuNPs with good cytocompatibility, stability and easy preparation.
Glucose plays a crucial role in physiological processes as it is the primary source of energy for human body. However, imbalance of glucose in blood will lead to disease of diabetes. World health organization (WHO) reported more than 4.22 hundred million people suffered from diabetes until 2016. Therefore, development of sensitive and selective method to detect concentration of glucose gains great attention. Various methods for glucose detection have been reported, such as surface enhanced Raman spectra (SERS), 18 uorescence, 19, 20 colorimetric, 21,22 dynamic light scattering 23 and electrochemical method.
24 Among these methods, colorimetric method is particular attractive due to its advantages like simple, fast and real-time monitoring.
25 Using peroxidase-like activity of gold nanoparticles to fabricate colorimetric sensing assay for glucose are widely reported. 10, 13, 14, [26] [27] [28] However, most of these methods suffer from complex preparation, poor biocompatibility or infeasibility in real samples (e.g. serum). Therefore, it is urgent and important to develop an analysis platform for glucose based on Au nanoparticles with merits of easy preparation, good cytocompatibility and applicable in real samples.
Herein, gold nanoparticles were prepared by using HAuCl 4 and chitosan, where chitosan serves as both the reducing and stabilizing agents. Chitosan-AuNPs were discovered to possess the ability to catalyze the oxidation reaction of TMB and H 2 O 2 , producing blue color product. Importantly, both the peroxidaselike activity and broad effective temperature C) of chitosan-AuNPs are much better than natural enzyme of horseradish peroxidase. The color change was used to detect concentration of H 2 O 2 and glucose with help of absorption spectroscopy. The platform for detection of glucose displayed good selectivity and sensitivity with LOD of 3 mM. Furthermore, the designed assay can be used to detect glucose with LOD of 6 mM in 60% serum. Considering the cytocompatibility and peroxidase-like activity, chitosan-AuNPs are expected to display potential application in colorimetric detection of substances. Glucose oxidase (GOX) was purchased from Sangon Biotech. All reagents and chemicals were at least analytical reagent grade and used as received without further treatment. Milli-Q water was used to prepare all solutions.
Experimental

Materials
Preparation of chitosan gold nanoparticles
All the glassware were cleaned with an aqua-regia solution (V HCl : V HNO 3 ¼ 3 : 1) and rinsed with deionized water before use. Preparation of chitosan-gold nanoparticles followed a literature procedure with minor modication. 29 In a typical experiment, to a ask with 10 mL of H 2 O, 1 mL of 2.9 mM HAuCl 4 and 2 mL of chitosan (2.254 Â 10 À3 g mL À1 in diluted acetic acid) were added. Then, the mixture was heated to boil at 140 C with vigorous stirring and color of solution turned to red aer 5 min, indicating formation of AuNPs. The mixture was reuxed for another 20 min at 140 C under vigorous stirring.
The sample can be used aer the solution cooled to room temperature (25 C (1) Different concentration of glucose and 20 mL of 5.0 mg mL À1 GOX were mixed in 200 mL phosphate buffer (10 mM, pH ¼ 7.4). The solution was incubated at 37 C for 15 min, named solution A.
(2) 300 mL of 5 mM TMB, 70 mL prepared chitosan-AuNPs and 300 mL of 0.2 M acetate buffer were added to A solution.
(3) The mixture was incubated at 50 C for 10 min and cooled to room temperature for spectrophotometer detection, named solution B. In control experiment, maltose, fructose, lactose with concentration of 0.15 mM was used instead of glucose.
Detection of glucose in serum.
The experiments were also performed by using serum as the media, in which different amounts of fetal bovine serum with volume ratio of 10%, 40%, 60% were added to solution B respectively. All the measurements were taken aer incubation for 10 min.
2.3.4 Peroxidase activity of HRP. The peroxidase activity of HRP were conducted in a 1.5 mL tube by sequentially adding 300 mL of 12 mM TMB, 160 mL of HRP with different concentration, 330 mL of acetate buffer and 100 mL of 1 M H 2 O 2 . Aer incubation at 30 C for 10 min, the sample was estimated by absorption spectrophotometer using a 1 cm path length quartz cuvette.
Instrumentations and characterizations
Photos of the samples were taken by using a Canon 80D digital camera. The micromorphology of as-prepared AuNPs was characterized by transmission electron microscopic (TEM) on a JEM-2011 with an accelerating voltage of 200 kV TEM. Ultraviolet-visible (UV-vis) extinction spectra were measured by using a Shimadzu UV-2600 spectrophotometer. Zeta potential were estimated on a Malvern Zetasizer NANO ZS Grain Size using diluted nanoparticles in deionized water. Fourier Transform Infrared spectra (FTIR) was performed on a NICOLET 5700 FT-IR Spectrometer by using original prepared nanoparticles solution. The concentration of Au element were determined using an inductively coupled plasma-optical emission spectroscopy (ICP-OES, Agilent 725), in which the prepared AuNPs solution were measured directly.
Results and discussion
Peroxidase-like activity of chitosan-AuNPs
Bare AuNPs and cysteamine-AuNPs have been reported to exhibit peroxidase catalytic ability. 7, 8 In this paper, we demonstrate that chitosan-AuNPs exhibit peroxidase-like activity toward reaction of TMB and H 2 O 2 . Chitosan-AuNPs were prepared by using HAuCl 4 and chitosan as shown in Scheme 1, where Au(III) is reduced by chitosan to produce gold nanoparticles and chitosan served as both a reducing agent and a stabilizer. Chitosan, a product derived from deacetylation of chitin, is biocompatible and nontoxic due to the high percentage of amino groups. Its presence guarantees the good stability and cytocompatibility of AuNPs. Electrostatic attractive forces between amino groups in chitosan and AuCl 4 À in solution provide the driving force in formation and stabilization of Au nanoparticles. 29 The generation of the nanoparticles was accompanied by a series of color changes, from yellow, to colorless and red nally. The chitosan protected AuNPs from aggregation in solution and therefore AuNPs exhibited excellent stability, which can be stored in 4 C for more than one month with good dispersion. The morphology and size of the prepared AuNPs were characterized by TEM. According to the images, the average diameter of prepared AuNPs is 15 nm (Fig. 1a) . Then, the optical properties of AuNPs were investigated. Firstly, the UV-vis absorption spectra was obtained. As shown in Fig. 1b , AuNPs exhibited a strong localized surface plasmon resonance (SPR) peak at 528 nm. This property is almost in agreement with the previous report. 29 The concentration of AuNPs was estimated to be 4.5 nM calculated following reported method c ¼ A 450 /3 450 (3 450 ¼ 2.18 Â 10 8 ). 30 Moreover, the absorption bands from the surface functional groups of the AuNPs are obtained by Fourier transform infrared spectroscopy (FT-IR). Fig. 1c shows the IR spectra of Chitosan-AuNPs. The bands at 1650 cm À1 and 3500 cm À1 represent the presence of amino group and hydroxyl in the chitosan-AuNPs, respectively, which are important to facilitate the stability of the nanoparticles in aqueous state. These bands are assigned to presence of chitosan. Zeta potential of the solution was measured to be 27.5 mV, indicating the positively property of the solution. The charge on the particles endows them well dispersion in the medium. The peroxidase-like behavior of the chitosan-AuNPs was estimated using TMB as a chromogenic substrate, which would display blue color when it meets peroxidase. To explore the peroxidase-like activity of synthesized AuNPs, solutions of AuNPs + TMB, AuNPs + H 2 O 2 , TMB + H 2 O 2 and AuNPs + TMB + H 2 O 2 were prepared and characterized. Results (Fig. 2a inset) showed that upon addition of AuNPs to TMB + H 2 O 2 , color of the solution changed from colorless to blue. That is because the chromogenic reaction was initiated by AuNPs and it couldn't be triggered without AuNPs. In addition, the alteration of the solution color was also consistent with the absorption spectra shown in Fig. 2a . Upon addition of AuNPs, an absorption peak at 652 nm appeared, which is a characteristic of the chromogenic reaction. Another property of the reaction is that H 2 SO 4 can terminate the oxidation process and color of the solution will change to yellow. Both of the blue and yellow colors are characteristic of the peroxidase reaction. To gure out whether the chromogenic reaction happens, H 2 SO 4 was added to AuNPs + TMB + H 2 O 2 system. Fig. 2b shows the visual observation of the color. Clearly, aer addition of H 2 SO 4 , color of the solution changed to yellow and absorbance at 652 nm disappeared accordingly. These data together conrmed that chitosanAuNPs possess the peroxidase-like activity. Oxidase activity is another important property for enzyme, which means catalyzing the oxidation of TMB in the presence of O 2 with blue color. Some nanomaterials exhibit both oxidase and peroxidaselike activity. 31 Oxidase-like activity of chitosan-AuNPs was also examined. As shown in Fig. 2a , system of AuNPs + TMB exhibited light blue color with a low absorbance at 652 nm, indicating the oxidase activity of chitosan-AuNPs is not obvious.
In order to obtain the best catalytic effect, the inuence of reaction time (during AuNPs preparation) on the peroxidaselike activity was investigated. An intermediate reaction solution (5 minutes interval) was extracted, and examined the catalytic capability. Corresponding UV-vis spectra are shown in Fig. S1 . † It can be seen that 5 minutes aer the reaction, a peak at 652 nm appeared, but very low. With the increase of reaction time, the peak increased correspondingly. However, the Scheme 1 Illustration of the preparation process for chitosan-Au nanoparticles and sensing assay for glucose. Fig. 1 (a) TEM images (b) typical absorbance spectrum and (c) FTIR spectra of the prepared chitosan-AuNPs. absorbance intensity decreases aer 25 min. Absorbance at 652 nm indicates the degree of reaction from TMB to oxTMB, and its intensity reects the catalytic ability. Thus, nanoparticles at 25 min show the best catalytic ability and we selected 25 min to be the best reaction time of AuNPs. The catalytic ability decreases when the reaction time is longer than 25 min. It is speculated that with time increase, AuNPs start to assemble together under high temperature and aggregation reduces the catalytic ability. This speculation can be veried from the color change of solution. When the reaction time increases from 25 min to 30 min, the color of solution changed from red to purple.
The peroxidase-like activity of AuNPs was also investigated by changing the AuNPs concentration. Results in Fig. 3 showed that color of the solution became deeper and deeper with increase AuNPs concentration. Accordingly, the absorption values at 652 nm increased with increase concentration of the AuNPs in the range of 0-0.5 nM. The relative absorption intensities at 652 nm DA (DA ¼ A À A 0 , where A and A 0 are absorption intensities in the presence and absence of AuNPs, respectively.) is linearly proportional to the concentration of AuNPs (Fig. 3c) . The limit of detection for the AuNPs was 10 pM and the slope of the plot line is 6.54. In comparison, the LOD and slope of HRP are 35 pM and 4.91 (Fig. S2 †) . Slope represents change of relative absorption versus per nM enzyme or articial enzyme. Bigger slope value indicates higher catalytic activity.
This result revealed the high peroxidase-like activity of the chitosan-AuNPs. Clearly, AuNPs with high activity will have more use.
Optimization of the experiment conditions
Reaction of TMB + H 2 O 2 is sensitive to the experiment conditions. Thus, inuence of pH and temperature were investigated to nd the optimal experiment parameters. Firstly, a series of acetate buffer with different pH values from 3.6 to 5.4 were prepared to explore the effect of pH on peroxidase-like activity of AuNPs. Results in Fig. S3 † indicate that peroxidase activity of AuNPs is sensitive to pH and the best result was obtained under pH of 4.2 and 4.4. Therefore, unless stated specially, pH of 4.2 is used in the following experiment.
As we all know, enzyme activity is usually temperaturedependent. Chitosan-AuNPs, as a kind of articial enzyme, its activity must be related to temperature. Therefore, the effect of temperature C) on AuNP's activity was investigated as well. The results in Fig. S4 † indicated that the absorption at 652 nm increased with the increase of temperature in the range from 10 to 50 C, and then decreased in the range from 50 to 90 C. AuNPs exhibited the highest peroxidase activity when the temperature is 50 C. Therefore, 50 C is chosen in the following experiment. This temperature is higher than bare AuNPs and cysteamine-AuNPs. 7, 8 The possible reason is that the external polymer chitosan can resist higher temperature compared to small molecules. Worth mentioning, the AuNPs still show peroxidase activity even the temperature is raised up to 90 C. This is better than natural enzyme of HRP, which would lose its activity once the temperature rises over 50 C. 
Detection of H 2 O 2
Considering the peroxidase-like activity of chitosan-AuNPs, we propose it can be used for detection of H 2 O 2 . Thus, different concentration of H 2 O 2 was added to AuNPs + TMB + H 2 O 2 system. As shown in Fig. 4 , in the absence of H 2 O 2 , the UV-vis absorbance peak at 652 nm was very low. When 0.001 mM H 2 O 2 was added, the absorbance increased obviously. With increase concentration of H 2 O 2 , the absorption at 652 nm increases signicantly until reached a plateau at 20 mM. The absorbance remained unchanged when the concentration was higher than 20 mM, which means the TMB has been oxidized completely. The relative absorption intensity DA is linearly proportional to the concentration of H 2 O 2 with the LOD of 0.6 mM.
Detection of glucose with chitosan-AuNPs
In recent years, determination amount of glucose in buffer or real sample attracted signicant interest for the fast growing number of diabetes. In principle, H 2 O 2 generated from GOX oxidation of glucose can oxidize TMB in the presence of AuNPs as shown in Scheme 1. The color change of the chromogenic reaction can be used to indirectly measure the amount of glucose. Based on this principle, a platform for glucose content detection was designed based on peroxidase-like activity of chitosan-AuNPs. Under optimized conditions, the analytical performance of this platform for glucose detection was evaluated.
The color of the solution turned blue gradually with the increased glucose (data not shown). Meanwhile, the variation of the absorbance at 652 nm with different concentrations of glucose was shown in Fig. 5a . As the concentration of the glucose increased, the absorbance signal increased correspondingly. The plot of the relative absorbance intensity versus the glucose concentration was presented in Fig. 5b . Generally, DA linearly correlated to glucose concentration. However, the slope is different before and aer addition of 0.05 mM glucose. When the concentration of glucose is lower than 0.05 mM, the slope is bigger, indicating higher sensitivity. At low concentrations, the absorbance was still linearly proportional to the concentration of glucose, as shown in Fig. 5c . The limit of detection for glucose, calculated as three times background absorbance divided by the slope, were estimated to be 3 mM (R 2 ¼ 0.98). Experiments results based on peroxidase-like systems or other polysaccharide to-AuNPs detect H 2 O 2 and glucose in recent years are summarized in Table 1 . It can be seen clearly, our method showed better or comparable detection limits compared to others. However, the simple sample preparation makes this work more attractive.
Specicity is a very important parameter to evaluate the feasibility of an analytical assay. So a highly selective response to glucose over other potentially interference is necessary. Fructose, lactose and maltose were added respectively to test the specicity recognition towards glucose. Results were presented in Fig. 6 . It can be seen that the absorbance signals of fructose, lactose and maltose were much lower than that of the glucose. This high selectivity could be due to the specicity of glucose with GOX. The results indicate that the assay has good selectivity. Taken together, this designed platform is feasible to provide a detection method for glucose.
Analytical performance in serum
It is very important but challenging to detect glucose in the blood serum as glucose exists in blood, which is a more complicated media than the buffer solution. Many sensing platforms for glucose detection were conducted in diluted serum media, such as colorimetric, 28,38 uorescence 39 and upconversion luminescence.
40
Our scheme based on peroxidase-like activity of chitosan-AuNPs was tested in the presence of fetal bovine serum with different volume ratios. The results in 10%, 40%, 60% serum are shown in Fig. S5 † and summarized in Table 2 . The relative absorption intensities in the complex media were found to steadily increase with increasing concentration of glucose (Fig. S5 †) . However, the value of DA strongly depends on the volume ratio of serum and decreases when more serum was added. The maximum DA decreases from 1.21 (0% serum) to 0.28 in 60% serum as shown in Table 2 . Results show that the DA is linearly proportional to the concentration of glucose. The LOD of this method was estimated to be 12 mM in 60% serum. This revealed that the assay was practicable for detection of glucose in serum. 
Conclusions
Chitosan-AuNPs were found to exhibit intrinsic peroxidase-like activity by catalyzing the oxidation of TMB to a blue-colored product. The catalytic ability of prepared AuNPs was higher than natural enzyme of HRP. The optimal experiment condition is at pH 4.2 and 50 C. Importantly, the peroxidase-like activity of AuNPs is effective during broad temperature between 10-90 C, which offers the AuNPs wide range application. The peroxidase-like activity of AuNPs was used to design sensing platform for H 2 O 2 and glucose, with LOD of 0.6 mM and 3 mM, respectively. This method can perfectly distinguish glucose from fructose, lactose and maltose, indicating the feasibility of the assay. Furthermore, the assay was employed to detect glucose in 60% serum with LOD of 12 mM. In summary, chitosan-AuNPs is more suitable for bioanalysis compared with other peroxidase-like Au nanomaterials, because it is very stable and cytocompatible in water solution. The detection method for glucose has the advantages of easy preparation, low cost and simple.
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